Molecular motors are essential to the living, they generate additional fluctuations that boost transport and assist assembly. Self-propelled colloids, that consume energy to move, hold similar potential for the man-made assembly of microparticles. Yet, experiments showing their use as a powerhouse in materials science lack. Our work explores the design of manmade materials controlled by fluctuations, arising from the internal forces generated by active colloids. Here we show a massive acceleration of the annealing of a monolayer of passive beads by moderate addition of self-propelled microparticles. We rationalize our observations with a model of collisions that drive active fluctuations to overcome kinetic barriers and activate the annealing. The experiment is quantitatively compared with Brownian dynamic simulations that further unveil a dynamical transition in the mechanism of annealing. Active dopants travel uniformly in the system or co-localize at the grain boundaries as a result of the persistence of their motion. Our findings uncover the potential of man-made materials controlled by internal activity and lay the groundwork for the rise of materials science beyond equilibrium. 
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In the classical picture of Brownian motion, particles and fluid molecules are passive and driven by thermal fluctuations [1] [2] [3] . The incessant motion of suspended particles is then due to multiple collisions with the surrounding fluid molecules. In living systems, molecular motors ballis-tically zoom around, push and pull on each others, and exert forces on passive elements, yielding a riotous environment radically different from the more mundane equilibrium one. This nonequilibrium dynamics induces additional fluctuations 4, 5 that boost transport in biological systems 6, 7 or quickly bring building blocks into contact while reducing unwanted connections 8 . Furthermore, the effect of internal agitation was explored in the different context of driven vortex lattices in hightemperature superconductors 9, 10 . Active colloids, which were made available by recent synthetic progress, similarly inject energy locally and drive systems out of equilibrium 11 . Developments on active colloids have surged in recent years, focused on exotic behavior without equilibrium counterpart: broken microscopic reversibility 12, 13 , and mesoscopic fluxes such as flocks 14 , flows 15, 16 , phase separation [17] [18] [19] [20] or anomalous transport of dispersed tracers [21] [22] [23] . It largely overlooked their practical impact to deploy materials science beyond equilibrium and control matter. Active particles added to a material generate forces from within and provide a unique opportunity to overcome the naturally occurring kinetic barriers and modulate the energy landscape of soft materials. This potential was highlighted by Reichhardt & Reichhardt 24 , who numerically studied the case of a single colloid driven through a colloidal crystal. They showed that a local melting can occur when the electrostatic charge of the driven particle is larger or comparable to that of the colloids comprising the crystal, leading to the generation of lattice defects that increase the drag force and generate large noise fluctuations 24 . Opportunities in colloidal assembly were further stressed by recent numerical works that considered mixtures of active, autonomously-driven particles, in passive phases. They showed that the presence of active particles can favor the annealing of a passive polycrystal by melting its grain boundaries [25] [26] [27] Accelerated annealing. Our experimental system consists of a suspension of beads of diameter σ = 5µm (Sigma aldrich, silicon dioxide, 44054) filling a hexagonal well which is embossed on the bottom substrate of a microfluidic chamber. After sedimentation, the beads form a dense monolayer of spheres at a surface fraction Φ s ∼ 0.68 ± 0.03 with a local hexatic order [Methods and SI- Fig.1 ]. The rapid increase of the surface density of the sedimenting particles quenches the system into adjacent crystallites separated by grain boundaries [ Fig.1A ], a metastable state that eventually converts into a single crystal. At thermal equilibrium, it takes about 12 hours for a system of 2200 beads to form a single crystal in a hexagonal chamber of width 260µm. We explore the impact of the addition of a small fraction of active intruders to this initially polycrystalline monolayer of silica spheres. The active intruders are light-activated microswimmers, consisting of a hematite (Fe 2 O 3 ) portion protruding out of a polymer sphere 20 ; they are 2µm in diameter and exhibit a two-dimensional persistent random walk in free space 30 . In a nutshell, the iron oxide photocatalytically decomposes a solution of hydrogen peroxide fuel after activation by a wavelength λ = 390 − 480nm, resulting in subsequent propulsion of the particle in the concentration To gain insight into the phenomenon, we vary the numeric fraction α of intruders in the monolayer, α = 0.1 − 5% of the total number of passive beads, and their propulsion velocity V using the control offered by light. We perform the experiments in larger systems with 5600 passive beads, for which the reorganization can be followed on larger spatial and temporal scales. The passive beads are gravitationally confined in a hexagonal arena, whose slant and limited depth h ∼ 4µm, allow the self-propelled particles to escape and enter 31 . This avoids the accumulation of the active particles at the walls and maintains a constant surface fraction Φ s of passive beads and swimmers, an important prescription to the present study of annealing.
We quantify the temporal and spatial properties of the monolayer using the bond-orientational correlation function g 6 (r, t), calculated from the six-fold bond-order parameter [see Methods, SI- Each collision induces a displacement d, independent of the velocity V at low Reynolds number, so that the active contribution to the diffusivity of the beads scales as
with the experiment gives the presence of the self-propelled particles allow to cross the energy barrier E required to displace grain boundaries. We extract from the data, A ∼ E/µ * ∼ 8.10 −3 ± 1.10 −3 µm 2 /s, where µ * is the equilibrium mobility relating equilibrium fluctuation and dissipation 37 , D * = kT /µ * , larger than the Stokes mobility due to additional dissipation from confinement. It gives E ∼ 4 ± 1 kT , a reasonable value for the entropic barrier of a dense monolayer of hard spheres. Conclusion and Perspective. Heat treatments, e.g. annealing, quenching or tempering,
were originally developed for metals, to alter macroscopic properties such as strength, ductility, or toughness. Annealing is achieved through cycles of high temperatures and slow cooling: high temperatures steps allow the system to escape kinetic traps, while the slow cooling relaxes the system to its ground state with reduced defects. We showed that active particles embedded in an otherwise passive system offer an untapped approach to annealing. The addition of in situ large fluctuations, mimics macroscopic annealing by heating and locally reorganizing the system. It allows local equilibration and avoids metastable states, a crucial problem in the experimental assembly of complex architectures. We further unveil a transition in the dynamics of annealing, set by the persistence of the active dopants, which has no equilibrium counterpart and had not been predicted in previous numerical works. By using light patterns, we demonstrate a spatial control of the annealing with a spatial resolution of a few microns. The spatiotemporal control of internal fluctuations paves the way to the tuning of material properties, as well as the engineering of bio-inspired sensors harnessing active noise for enhanced accuracy 41, 42 . The variety of available synthetic and biological microswimmers, including particles which could remotely be steered by magnetic fields or light patterns 43, 44 , offers opportunities for a wide range of control. As grain boundaries are essential to material properties, from yield strength 45, 46 to electrical conductivity 47 , our findings usher materials science to a new age, where the properties of matter are not controlled macroscopically but microscopically and in real time by active dopants. Further, the use of traveling particles that navigate a matrix as in this work, may suggest innovative numerical protocols of simulated annealing using virtual active intruders rather than global temperature cycling to explore complex energy landscapes.
Material and Methods
Experimental set-up. Our colloidal model system consists of silica beads of diameter σ = 5µm
(Sigma aldrich, 44054) suspended in a 6% solution of hydrogen peroxide H 2 O 2 in deionized water (Millipore, 18.2M Ω). Within a few minutes, the heavy particles sediment on the bottom wall of the sample cell to form a dense monolayer of area fraction Φ S = πN σ 2 /4A ≈ 0.68 ± 0.03, where N is the number of particle contained in the hexagonal area A. The equilibrium gravitational height is much smaller than σ, so that out-of-plane thermal fluctuations are negligible in the absence of swimmers and the system is quasi two-dimensional. When active intruders are introduced in the layer however, passive particle are observed to slightly lift from the bottom surface The system is observed using an inverted optical microscope (Nikon Eclipse-Ti) equipped with a 20× objective. A LED with a wavelength λ = 390 − 480nm (Lumencor, Spectra X) uniformly illuminates the hexagonal chamber through the bottom wall and activates the swimmers. The intensity of the LED can be adjusted to modify the speed of the intruders. The UV illumination is periodically interrupted for short intervals of 20s every 80s to allow for swimmers that are wedged between passive particles and the substrate to reorient through Brownian motion and escape. The evolution of the monolayer is monitored with a camera (Hamamatsu, C11440-22CU) recording images at a frame rate of 2.5fps for 90 min, and 0.1fps for 12 hours for a thermal system (with no swimmers). The position of the passive particles is extracted in each frame using standard image analysis routines 49 .
Characterization of the grain structure. The organization of the polycrystalline layer at a time t is visualized and quantified through the local orientational bond order parameter ψ 6 . For each passive particle, ψ 6 ( r j , t) = arg(ψ 6 ( r j , t)) that varies from 0 to 60 o due to rotational symmetry. In Fig.1, Fig.3 and Fig.4 , particles are color-coded with the crystalline orientation to visualize the grain structure. We monitor the evolution of spatial structures using the bond-orientational correlation function g 6 (r, t), calculated from the six-fold bond-order parameter. As previously introduced with thermal systems 32 , the field ψ 6 is first smoothed by averaging local values ψ 6 ( r j , t) over the two first shells of neighbors surrounding particle j. The resulting field is then normalized, both operations allowing for a more accurate probing of the correlations at short distances 33, 50 . The bond-orientational correlation function is then computed as g 6 (r, t) = Re ψ * 6 ( r + r 0 , t)ψ 6 ( r 0 , t) , withψ 6 the smoothed and normalized parameter and . referring to the average over all pairs of particles separated by a distance r. This definition of g 6 (r, t) evaluates the spatial correlation in the argument of the bond-orientation parameter, singling out the angle component of the long-range order developing in the system over time.
Numerical simulations. We performed Brownian dynamics simulations using HOOMDblue 38, 39 to model the experiment. A two-dimensional rectangular box with periodic boundary conditions is filled with 20 000 spheres of diameter σ = 1 at an area fraction Φ S = 0.05. A fraction α of those particles is randomly selected to form the active particles subset. Their diameter is set to σ S = 0.2. All the particles interact through a purely repulsive WCA potential given by :
where n = 6, = 10 and ξ = R i + R j , with R i,j the radius of the interacting particles. R i,j = σ/2 for passive particles and R i,j = σ S /2 for active particles.
The initial configurations are prepared by compressing the diluted box until an area fraction Φ S = 0.67 in 4.10 5 steps of length ∆t = 0.0001 using the Langevin dynamics integrator. At all times, the box dimensions are set to accommodate a hexagonal lattice (i.e. L x = L y × √ 3).
During this preparation step, the temperature is linearly decreased from kT = 2 to 0.0005. Once quenched, the particles form a polycrystalline 2D layer.
Thermal annealing runs are performed by letting the system relax for 500 million steps without adding activity to the small particles. For boosted annealing runs, an active force is applied to the small particles. It is parametrized by its amplitude F a and a rotational diffusion constant D r that controls the random change of direction of the active force. Typical values for F a are between activated monolayers are run for 100 million steps. The equations of motion for the simulations are given by :
where F C is the force applied on the particles originated from all potentials and constraint forces, ζ is the drag coefficient (ζ = 1 here), v is the particle's velocity, F R is a uniform random force and d is the dimensionality of the system (d = 2 here). Competing Interests The authors declare that they have no competing financial interests.
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Data Availability Statement
The data that support the plots within this paper and other findings of this study are available from the corresponding author upon request. Time-evolution of the characteristic grain radius R 6 , in units of colloid diameters σ, defined from g 6 (R 6 , t) = 0.5 for thermal (black) monolayer or in the presence of embedded self-propelled particles (color, V = 10µm/s, α = 1.3%) and fit by a normal grain growth R 6 (t) 2 = R 6 (0) 2 + γt (dotted lines, see Main text). The grey area delimits grain sizes > 20σ which cannot be measured accurately in the experiment. Numerical simulation of a colloidal monolayer, with added active particles of different persistence. Evolution of the system starting from the same initial configuration (inset, t=0) with a fraction α = 0.6% of active intruders, with same speed but different persistence time, leading to persistence lengths of (A) L p = 0.3σ, and (B) L p = 7σ comparable to experiments. The dynamics of the swimmers change qualitatively with the persistent time: they navigate along the directions of the crystal in one case (B) and localize at the grain boundaries in the other (A). The colors correspond to the local hexactic orientational order as in [ Fig.1 ] The active particles are shown as black points bigger than their actual size to improve visibility, and black lines trace their trajectories within the 3.10 6 time steps preceding the snapshots. (C) The diffusivity D eff of the passive particles shows a dynamic transition set by the persistence length L p of the active dopants and plateaus for L p ≤ 0.4σ. Active dopants co-localize at the grain boundary for L p ≤ 0.4σ and travel in bulk otherwise, as illustrated with typical trajectories on the side panels, which correspond to the highlighted points on the graph. The qualitative change in the annealing mechanism, as visible on panels (A) and (B), coincides with a transition in energy transfer between the dopants and the passive particles. 
